would seem to be a specially favourable case for demonstrating inhibition by toxopyrimidine phosphate, since the coenzyme spontaneously dissociated from the apoenzyme as decarboxylation proceeded ( Fig. 1) . But, even here, only slight inhibition was observed, whereas in the valine decarboxylation (when the coenzyme is more firmly bound) no inhibition was detected under the experirnental conditions. Nevertheless, there are probably cases where toxopyrimidine or its phosphate can severely inhibit unresolved enzymes: otherwise, the toxicity to animals at relatively low toxopyrimidine:pyridoxal ratios is difficult to explain. SUMMARY 1. Toxopyrimidine phosphate failed to inhibit unresolved bacterial arginine and glutamic decarboxylases, tryptophanase and glutamate-alanine transaminase.
2. The leucine decarboxylase system of Proteus vulgari8, in which the coenzyme dissociates spontaneously during enzyme action, was inhibited by 20%.
3. The degree of inhibition of the resolved tyrosine decarboxylase system of Streptococcus faeealis depended on the order of addition of pyridoxal phosphate and toxopyrimidine phosphate to the apoenzyme. Even when the inhibitor was added first, an inhibitor: coenzyme ratio of 1000:1 was needed to produce 50 % inhibition.
4. Toxopyrimidine phosphate seems to be of only limited usefulness in the study of bacterial vitamin B6 enzymes.
The interest which Professor R. A. Morton, F.R.S., has taken in this work has been an encouragement to us. We are grateful to the Medical Research Council for a grant towards expenses and for a scholarship to one of us (B. G. H.) .
Intermediates in the Biosynthesis of Bacterial Penicillinase BY M. R. POLLOCK AND M. KRAMER* National In8titute for Medical Research, Mill Hill, London, N. W. 7 (Received 3 April 1958) The nature of the intermediates in the biosynthesis of proteins from amino acids has for several years been a subject of much concern to biochemists interested in the mechanism of protein formation. Experimental attack on the problem has taken several different forms, which can be roughly divided into (a) direct attempts to isolate stable intermediary precursors and to investigate the behaviour of likely chemical models with in vitro reconstructions based on simplified reaction systems, and (b) the 'indirect' approach, designed to obtain relevant evidence by following the kinetics of induced enzyme formation in microorganisms, the extent to which a particular protein may be derived from pre-existing cell material other than free amino acids and the rate of incorporation of amino acids from the medium into the protein. If it can be reasonably assumed, or directly demonstrated, that amino acids in the medium equilibrate with the free amino acids present in the cell without measurable delay, any lag found between addition of a labelled amino acid and the appearance of the label in a specific protein may reasonably be regarded as evidence of the existence of intermediates between free amino acids and the completed protein molecule. An indication of the quantities of such intermediates present will be provided by the amount of the specific protein formed during this lag interval. Conversely, absence of detectable lag in such an experiment can be used, without any assumptions regarding speed of equilibration between external and internal amino acids, as an indication of the maximum quantity of intermediates, calculated simply on the basis of the limits of accuracy of the techniques involved.
Hitherto, the 'indirect' approach has provided evidence of intermediates only with amylase. For instance, the increase in amylase activity observed in cell-free pancreatic extracts and homogenates appears to be a reaction not involving the incorporation of amino acids into the enzyme (Straub & Ullmann, 1957) . This fact, together with the observation by Garzo, T-Szabo & Straub (1957) of a specific 10 min. lag in the incorporation of ["4C] glycine into the amylase formed by pancreatic slices, suggests that one of the essential steps is the conversion of a protein precursor into active enzyme. Similarly, Nomura, Hosoda, Yoshikawa & Nishimura (1958) have reported that only 24 % of the sulphur of amylase formed by cell suspensions of Bacillu8 subtilis during 3j hr. incubation was derived from [35S]methionine in the medium; they conclude that the enzyme is largely derived, under these conditions, from a precursor present in the cells. The findings in other protein-forming systems are less suggestive. There appears to be no measurable lag (i.e. less than 2 min.) in fi-galactosidase induction in E8cherichia coli between addition of the inducer and formation of enzyme at maximal rate (Monod, Pappenheimer & Cohen-Bazire, 1952 ). Loftfield (1957) reports a lag of no more than 2 min. in the incorporation of ["4C]valine or ["4C]leucine (injected parenterally) into ferritin formed by the livers of whole rats. Peters (1957) has found no detectable lag (i.e. less than 3 min.) in incorporation of 14C from "4CO2 into serum albumin formed in chicken-liver slices, if the albumin bound on intracellular particles is included in the assay; the previously reported lag of 15-20 min. (Peters, 1953 ) is now believed to involve only liberation of albumin from the particles into the cell sap and not synthesis. Craddock & Dalgliesh (1957) have likewise found no lag in the incorporation of radioactivity from "4C-labelled amino acids into the ribonuclease formed by rat pancreatic slices. Askonas & Humphrey (1958) found a lag of about 15-20 min. in the incorporation of amino acids into specific antibody formed in vitro by rabbit lymphoid tissue, but a similar lag occurred in the incorporation into general tissue proteins, suggesting that the delay might have been due to accessibility barriers or other non-specific factors. Similar considerations apply, but more forcibly, to any interpretation put on the lags in incorporation of injected amino acids (a) into serum proteins of rabbits and turtles (Green & Anker, 1955) , and (b) into ribonuclease isolated from the rat pancreatic duct (Junqueira, Hirsch & Rothschild, 1955) .
Finally, careful studies on the origin of E. coli figalactosidase sulphur (Hogness, Cohn & Monod, 1955) and carbon (Rotman & Spiegelman, 1954) failed to reveal significant quantities of precursor material within the cell, by the use of techniques which were probably sufficiently sensitive to detect quantities equivalent to 1 % or more of the enzyme formed in considerably less than one cell-generation time.
In the experiments to be described here the 'indirect' approach has been employed in an attempt to determine the immediate source of the sulphur and carbon atoms in the exopenicillinase of Bacillu8 cereu8 by the use of isotopically labelled metabolites in the medium provided. For this purpose two strains of B. cereus have been used: (1) the penicillinase-inducible strain 569, which forms only traces of penicillinase until treated with penicillin, and (2) the penicillinase-constitutive mutant strain 569/H, isolated directly from strain 569, which produces the enzyme in large quantities spontaneously, without treatment with penicillin.
The method of approach adopted can best be explained by reference to the purely hypothetical scheme illustrated in Fig. 1 . It is assumed that in both the inducible strain and the constitutive mutant the mechanism of penicillinase formation is fundamentally similar and that the enzyme is formed under the catalytic influence of a specific 'organizer' within the cell [which in the inducible strain is active only after treatment of cells with penicillin (Pollock, 1953) ]. It is possible to consider the following hypothetical types of precursor molecule: (1) type 1 precursor (which could be specific or non-specific), present in the inducible strain before induction with penicillin, and (2) type 2 precursor-specific and formed in the inducible strain only after treatment of cells with penicillin. Type 2 precursor could take the form of a substance on the synthetic pathway having a molecular weight lower than penicillinase itself or of a 'zymogen' (such as pepsinogen or trypsinogen) convertible into active enzyme after hydrolytic removal of part of the molecule. In the constitutive strain 569/H, precursors of both types, if they exist, would always be present.
Under most conditions, 85-90 % of the penicillinase is liberated into the medium [the 'a-' or 'exo-'penicillinase] . Rather less than half the remaining cell-bound penicillinase is neutralizable by a specific anti-oc-penicillinase serum and behaves in other ways similarly, from an immunological point of view, to the exo-enzyme. This is referred to as ',-penicillinase'. Its accessibility to antiserum presumably means that it is bound on the cell surface, and it can be largely, though not completely, removed from the cells by washing them with high salt concentrations (e.g. M-NaCl or 0 lM-sodium citrate). The remaining cell-bound enzyme ('y-penicillinase') is immunologically and physicochemically distinct and is only liberated in soluble form after complete disruption of the cells by lysis, mechanical crushing or sonic disintegration; it is therefore assumed to be intracellular. The relationship between ac-and y-penicillinase has been discussed previously but is still obscure (Pollock, 1956 b) . The two types of penicillinase behave in most ways as quite distinct species of protein but have almost identical enzymic properties (namely the same Michaelis constants, pH optima and relative activities on different substrates). No evidence of their interconvertibility has been obtained in cultures under physiological conditions and their relative concentrations remain constant before and during induction, and at all stages of growth in the constitutive mutant strain. It is, however, possible to alter the properties of cx-penicillinase so that it becomes indistinguishable from the y-enzyme by suitable treatment with alkali (Citri, 1958) ; it is therefore likely that the two types of enzyme are metabolically as well as physicochemically very closely related.
We have attempted to answer the following questions: (1) Is there any significant quantity of specific, or non-specific, precursor material for penicillinase within the cells, other than amino acids? (2) Is the intracellular y-penicillinase the normal precursor of the exo-enzyme? (3) How long does it take to complete the formation of a molecule of penicillinase from its constituent amino acids? The general method adopted has been to measure the speed and extent of incorporation of isotopically labelled sulphur (35S) or carbon (14C) into exopenicillinase formed after treatment of the cells with labelled sulphate, methionine or protein hydrolysate. The method depends primarily on a satisfactory isolation of minute quantities of penicillinase, uncontaminated with other sulphur-or carbon-containing material, from small volumes of culture supernatant fluid. The principles employed have been based, in the first instance, on those used by Hogness et al. (1955) . These workers concluded that no appreciable quantities of P-galactosidase precursors were present in E. coli before induction (i.e. of type 1), and that no 'protein turnover' occurred in the cell during growth. The penicillinase system of B. cereqbs, however, differs in several ways from the ,-galactosidase system of E. coli and there are the following reasons why it was considered particularly interesting and suitable for study in relation to the precursor problem: (1) 
GENERAL METHODS
The origin and properties of the two strains of B. cereus used (inducible strain 569 and constitutive mutant strain 569/H), the technique of penicillinase assay, the method of distinguishing between ,B-and y-penicillinase, and the preparation, properties and titration of anti-exopenicillinase serum (y-globulin fraction) have already been described in previous publications (Kogut, Pollock & Tridgell, 1956; Pollock, 1956a) .
[35S]Sulphate. Carrier-free sulphate of negligible sulphate content, obtained from the Radiochemical Centre, Amersham, Bucks, was used.
[35S]DL-Methionine. This compound (specific activity approx. 0-14 mc/mg.) was obtained from the Radiochemical Centre, Amersham.
[14C]Amino acids. Uniformly labelled algal-protein hydrolysate (specific activity approx. 0-012 mc/mg.) was obtained from the Radiochemical Centre, Amersham.
Radioactivity of samples. This was measured in an endwindow Geiger-Muller counter. The weight of material present was so slight (0 5 mg.) that no correction for selfabsorption was found necessary. At least 1000 counts were recorded for each sample and background radioactivity subtracted.
Anti-exopenicillinase y-globulin. This was prepared by the method used for producing the anti-induced 569 penicillinase as previously described (Pollock, 1956a) , by immunizing rabbits with purified B. cereus 569/H exopenicillinase (specific activity 2-0 x 106 units/mg. of protein nitrogen).
The immune y-globulin used for experiments recorded here was obtained from two rabbits whose sera gave final antipenicillinase titres of 1-5 x 105 and 6-1 x 106 neutralization units/ml. respectively. Medium. A synthetic amino acid medium, referred to as AA/G, was used; it contained a final concentration of approx. mM of each of the non-sulphur-containing L-amino acids, 002M-sodium citrate, 002M-potassium phosphate, pH 7 0; 0-4 % of glucose; 0 05% of Tween 80 and salts. Sulphate or DL-methionine, or both, were added as sole sources of sulphur.
(A). Glycine (0-075 g.), DL-alanine (0-18 g.), DL-tryptophan (0-41 g.), DL-tyrosine (0-36 g.), DL-glutamic acid (0-29 g.), DL-histidine (0-31 g.), DL-proline (0.23 g.), L- arginine HCl (0-17 g.), DL-lysine HCl (0-29 g.), DL-leucine (0-26 g.), DL-aspartic acid (0-26 g.), DL-serine (0.21 g.), DL-valine (0.23 g.), DL-phenylalanine (0 33 g.), DL-threonine (0-23 g.) and DL-isoleucine (0-26 g.) were mixed and ground in a mortar and 1 g. of the mixture was dissolved in 90 ml. of water together with 0-272 g. of KH2PO4 and the solution adjusted to pH 7 0 with 2N-NaOH. It was then filtered through Whatman no. 1 paper and autoclaved at 15 lb./in.2 for 15 min.
(B). 'Oligodynamic' solution: ZnSO4,7H20 (0.1 mg.), CoCl2,6H20 (0.1 mg.), ammonium molybdate (0-1 mg.), MnCl2,4H20 (1-0 mg.) and CuSO4,5H20 (0-01 mg.) were dissolved in 1 1. of water and sterilized by autoclave.
(C). Stock iron solution: (NH4)2Fe(SO4)2,6H20 (0.156 g.) and citric acid (0-168 g.) were dissolved in 100 ml. of water and sterilized by autoclave.
(D). 4% (w/v) glucose: this was diluted from 20% (w/v) solution, sterilized by autoclave.
(E). MgCl2,4H20 (3-39 g.) was dissolved in 1 1. of water and autoclaved.
These solutions were then mixed as follows: 70 ml. of (A), 0-1 ml. of (B), 0-1 ml. of (C), 10 ml. of (D), 10 ml. of (E) and 10 ml. of water. For final use autoclaved solutions of Tween 80 and citrate were added to this solution in the following proportions: mixed solution (10 ml.), 1% Tween Pollock & Torriani, 1953 ; it is equivalent to approx. 0 31 ,ug. of pure enzyme protein). The carrier-supplemented samples were then dialysed overnight at + 20 against mM-potassium phosphate buffer, pH 7 0. The following morning the samples were removed from the sacs, which were rinsed out and a suspension of 'fine-mesh' glass powder (Baird and Tatlock Ltd.) containing 100 mg. of glass/ml. was added to each sample, in an amount corresponding to 0-15 ml. for every 10 000 units of enzyme, in order to adsorb the penicillinase. After standing at room temperature for about 30 min. the glass was centrifuged down and washed once with 5 ml. of water. The enzyme was then eluted by two successive treatments with 2-5 and 1.0 ml. (respectively) of alkaline M-NaCl (pH 8 5). These two eluates were filtered successively through an 'oxoid' membrane filter, combined, made up to 5 0 ml. with water, and their penicillinase activity was assayed. The recovery of enizyme varied between 30 and 70% and was usually over 60%. To 4 0 ml. of the eluate was added enough unlabelled carrier penicillinase (purified exo-enzyme, in solution containing 20 000 units/ml.) to bring its total content up to 9000 units. Enough anti-exopenicillinase rabbit y-globulin was then added to provide 50% more antibody than the minimum quantity required for complete precipitation of the enzyme ( = 1.5 x equivalence dose) and the mixture incubated overnight at 35°. The following morning the precipitate was spun down after cooling to 20, and rinsed with 0.5 ml. of water, spun down again and resuspended in a few drops of water (about 0-2 ml.) and then quantitatively transferred to a polythene disk (2 cm.2), together with 1 drop of 1:1000 Stergene soln., dried at 500 and counted for radioactivity. Assays of enzyme activity remaining in the supernatant after spinning off the antigen-antibody precipitate showed that never more than 10% (and usually less than 5%) of the enzyme was lost in this procedure.
The radioactivity of each sample has been expressed (without making allowance for any contamination present) as the equivalent amount of 'fully labelled' penicillinase originally present in 1 0 ml. of culture supernatant. [The term 'fully labelled' has been used here in the same sense as that employed by other workers, i.e. as referring to the enzyme when labelled to the maximum extent possible in a given medium with given isotope content.] This is calculated by taking into consideration (a) the specific activity of 'fully labelled' enzyme (formed in a medium of the same chemical composition as that used in the experiment and of known, measured isotope content, either by a fully induced culture of strain 569 or by strain 569/H), (b) the overall percentage recovery of the enzyme in the isolation procedure and (c) the specific activity ofthe isotopically labelled material used for the experiment. This last factor needs some comment. In experiments with [35S]sulphate it was directly demonstrated (see Fig. 2 ) that the added labelled material was biologically equivalent (as source of sulphur for the synthesis of penicillinase) to the unlabelled isotope present in the basal medium. Since the basal medium did not vary in composition (at least for the relevant series of experiments) and the absolute quantity of labelled material added was negligible, the theoretical value for the specific activity of 'fully labelled' enzyme in different experiments where the amount of isotope added varied from 2 to 20 ,uc/ ml. could be assumed to be directly proportional to the total radioactivity of the culture medium.
In experiments with [85S]methionine, the possibility that traces of radiochemical breakdown products formed (Kalousek, Liebster & Babicky, 1957) The standard concentration of added sulphur used in the sulphate and methionine experiments corresponded to 0-2 mm added sulphate and mM-DL-methionine respectively. This is equivalent to 6-2 and 15-5jug. of sulphur/ml.
(assuming that only L-methionine is assimilated), giving a probable sulphur content of about 4 and 9 times the contaminating sulphur respectively. Since, in addition, it was known that added methionine sulphur is used by the cells preferentially to sulphate sulphur (addition of unlabelled methionine being found to cause 85% inhibition of 35S uptake into cells from 35S-labelled sulphate), it is clear that in the methionine experiments the contaminating sulphur (assuming it to be largely, if not obtained. This gives a methionine-derived mean sulphur content for penicillinase of 0-381 %. This corresponds with the figure of 0-36±0-03% for the total sulphur content of 569/H penicillinase measured directly on a purified sample of the enzyme by microanalysis and with 0-357% calculated on the basis of the combined cyst(e)ine and methionine content of the induced penicillinase (S. Jacobs, personal communication). This suggests that the 569 type of penicillinase can derive all its cysteine sulphur from methionine. This figure of 0-381 % for sulphur content also agrees well with that of 0-377% (see Table 1 ) for 569/H prepared in the same medium, containing 6-3 pg. of sulphur/ ml. added in the form of sulphate (the standard sulphate medium used throughout this work), assuming sulphur contamination to be 2.0jg./ml. The corresponding figure for the induced enzyme prepared on the sulphate medium was 0*46 %, without subtracting the increased proportion of non-penicillinase contamination sulphur present. As mentioned above, the figures obtained with the sulphate medium appearednotso reliable and were more variable than with methionine. In some 'sulphate' experiments a fullyinduced 'fully labelled' control was run at the same time, and where this was not done the specific activity of fully labelled enzyme was calculated on the basis of 0-38 % for sulphur content and a sulphur contamination concentration of 2-0 pg./ml.
Contamination of enzyme isolates with non-penicillinase sulphur. The choice of technique finally adopted for isolation of penicillinase was primarily based on that which gave minimal contamination with non-penicillinase sulphurcontaining material. This contamination was determined by measuring the radioactivity of samples isolated after adding unlabelled carrier enzyme to the supernatant fluid from centrifuged samples of uninduced strain 569 cultures grown under exactly the same conditions as those employed for the induced 569 or 569/H cultures. Since penicillinase production by uninduced 569 is, from this point of view, negligible, these samples should theoretically have a radioactivity not significantly raised above the background. In fact, the counts varied between 15 and 40 counts/min./ sample above background, and further attempts to reduce contamination consistently below this level were unsuccessful. The most probable source of contamination was thought to be non-penicillinase protein precipitated by antibody other than the specific anti-penicillinase present in the immune rabbit y-globulin. However, the residual contamination was not appreciably lowered by the use of an immune y-globulin preparation previously absorbed with a concentrated dialysed supernatant from a centrifuged uninduced strain 569 culture (grown in the same medium), which might be supposed to contain all the non-penicillinase proteins normally liberated into the medium and presumably present in all samples from which penicillinase might be isolated. In the most satisfactory experiments, the residual contamination corresponded to not more than 4 % of sulphur present in samples of 'fully labelled' induced penicillinase and to less than 2 % of that present in analogous samples of the 569/H enzyme ( Biological equivalence of contaminating, added and isotopically labelled sulphur. This was checked (according to the principles of a method adopted by Roberts, Cowie, Abelson, Bolton & Britten, 1955) by determining the specific radioactivities of 'fully labelled' enzyme samples from 569/H growing in the standard AA/G medium containing three different quantities of added unlabelled sulphate, but the same amount of [35S]sulphate. If the added 35S and 32S and the contaminating 32S are biologically equivalent for synthesis of penicillinase, the 85S in the enzyme will be diluted strictly in proportion to the total sulphur present in the medium, and the values for the reciprocals of the specific activities of penicillinase will lie on a straight line if plotted against concentration of added sulphur. Fig. 2 Possibility of 'amino acid exchange' and analogous metabolic phenomena involving preformed enzyme. It was finally considered essential to dispose of the possibility that some exchange of sulphur-containing material between medium and preformed enzyme might be occurring under the conditions of these experiments. Such an exchange might theoretically involve individual molecules of methionine (for example) and, though this seemed highly unlikely for enzyme molecules free in the medium, the exchange might take place on the cell surface. However unlikely, the occurrence of such a phenomenon would completely alter interpretation of the results, and had to be investigated. The checking experiments involved doing the ordinary 'contamination control' test with a proportion (usually 200-500 units/ml.) of the unlabelled carrier enzyme present, with the cells, in the culture during the whole period of the experiment. Table 2 shows that the addition of preformed enzyme did not increase the amount of residual 'nonpenicillinase' sulphur contamination significantly, and it can therefore be concluded that this postulated exchange does not occur to an extent that would interfere with any of the conclusions reached in this paper.
There is, however, another theoretical possibility which cannot be checked by these control experiments. This is the hypothesis that individual amino acids in some cell precursor material might undergo rapid exchange with free amino acids in the cell or medium. Experiments on an apparently reversible amino acid exchange phenomenon in staphylococci (Gale & Folkes, 1955) indicate that this must be considered as a serious possibility and it has been discussed in some detail by Dalgliesh (1957) . It is obvious that this type of 'precursor' could never be detected by the techniques used in this work.
Experiments with 35S
These can be divided into two main groups: (A) those designed to determine the extent to which he sulphur of exopenicillinase formed during a (i) Uninduced strain 569 culture. Only negligible traces of 'basal' penicillinase were formed and the radioactivity of the isolated samples served to indicate the extent of contamination with nonpenicillinase sulphur impurities.
It is assumed that these uninduced cultures of 569 form and secrete all the substances produced by induced 569 and the 569/H strain (apart from penicillinase itself), and can thus serve as a convenient control for all types of non-penicillinase sulphurcontaining material that might possibly contaminate isolates of penicillinase.
(ii) 'Type 1' precursor experiment. The cells of strain 569 were induced with 10 units of benzylpenicillin/ml. at the time of transfer to unlabelled medium. This is designed to test for the presence of any 'type 1' sulphur-containing precursor material present in the cells before induction.
(iii) 'Type 2' precursor experiment. The strain 569 culture was induced with 10 units of penicillin/ ml. in the 35S-containing medium at a bacterial density of approx. 0-15 mg./ml. 1 hr. before transfer to the unlabelled medium. This was designed to detect any type 2 precursor material (i.e. that formed after induction), by comparison with the results of the type 1 experiment.
(iv) 'Constitutive' experiment. The strain used was the constitutive mutant 569/H and no induction with penicillin was necessary. It was designed rather as a confirmation of the 'type 1' experiment 43 and as an attempt to determine the possible metabolic relation between a-and y-penicillinase.
The results of single experiments of each type are summarized in Table 3 . In series (I), where the 35S-labelled cells are washed and subsequently incubated in [32S]sulphate, the following points are apparent:
(1) There is substantial and significant transfer of previously-incorporated cell S to the subsequently formed exopenicillinase of all samples in all experiments except the first two samples of the type 1 experiment. In order to assess the significance of this transfer it is first necessary to subtract (a) the mean value of 'contamination S' (obtained from the uninduced 569 experiments), which represents non-penicillinase sulphur-containing impurities, and (b) the value for f-penicillinase, which represents preformed fully labelled enzyme carried over on the cells on transfer from the 35S-containing medium, since the possibility that this fraction is rapidly and totally liberated into the medium on further incubation cannot be excluded.
When this is done, it emerges that the proportion of exopenicillinase sulphur derived from nonpenicillinase material in the cells ranges from 21 to 29% in the 'type 2' experiment and from 10-5 to 115% in the 'constitutive' experiment. The nonpenicillinase sulphur contamination is not really low enough to conclude definitely that there is any significantly lower proportion of cell-sulphur transfer to exopenicillinase in the 'type 1 ' experimentthe figures in fact being 6*1 and 8 8 % for the second and third samples respectively-, but the error is obviously very large.
(2) The relatively constant proportion of labelled exopenicillinase during continued incubation was unexpected. This indicates that there is a constant and continuous transfer of previously incorporated cell sulphur to penicillinase during the course of the experiment. It is particularly striking that the proportion of labelled enzyme formed between the first and third samples is almost identical in the three cases, being respectively 10-4, 9-0 and 10-1 % of the total enzyme for type 1, type 2 and the constitutive experiments.
In order to determine the nature of this sulphurcontaining penicillinase-precursor material it should first be borne in mind that any sulphur-containing substances within the cell that were not removed by washing with sulphate might serve as precursors to the sulphur of penicillinase. labelled cells were washed and subsequently incubated in a medium containing an excess of unlabelled methionine and cystine. These amino acids might be expected to equilibrate rapidly with any free methionine or cystine formed within the cellsand thus act as a trap for labelled isotopes and l:argely prevent their being utilized in protein synthesis. It can be seen at once that there is no significantly increased radioactivity present in the penicillinase produced either in the type 1 or in the type 2 experiments-over and above the irreducible minimum due to non-penicillinase impurities (uninduced culture). Even in the 'constitutive' experiment, where the enzyme is formed at a high rate, the labelled penicillinase formed between 20 and 60 min. is only 1-01 % of the total enzyme formed during this period, compared with 10-1% in series I; i.e. apart from amino acids, the amounts of Table 3 . Experiment8 to detect 8ulphur-containing precursors of exopenicilina8e in cells of B. cereus 569 before and after penicillina8e induction, and in ce118 of the con8titutive mutant 8train 569/H Cells are first grown in AA/G + ["S]sulphate and then washed in, transferred to and incubated in unlabelled AA/G containing either excess of unlabelled sulphate only (series I) or of unlabelled sulphate, methionine and cystine (series II). The radioactivity of subsequently formed and isolated penicillinase is expressed as equivalent units of 'labelled' penicillinase. Table 3 , II (iv)]. To meet this objection and provide a possibly more sensitive method for detecting precursors, an attempt was made to determine the extent of the lag between addition of 35S-labelled compounds to the medium and their appearance in exopenicillinase. Such a lag would be an expression of the time needed for the diffusion of the sulphur compound into the cell, incorporation into precursor, conversion of precursor into penicillinase and final liberation of the enzyme into the medium.
The maximum time needed for the first of these processes, which is of no particular interest in this connexion, can be measured by determining the speed of incorporation of 35S into cell proteins (and other amino acid containing compounds) as a whole. Any difference between the lags thus determined would be the time needed for the conversion of protein or protein-like precursor material into exopenicillinase, and thus be an indication of the quantity of protein precursor material present. (The validity of this argument depends on the assumption that diffusion and penetration factors limiting incorporation of medium sulphur into penicillinase precursor material are the same as those determining its incorporation into cell proteins in general. This assumption appears reasonable.) The general technique was as follows. The cells were grown in AA/G medium + 0-2 mmsodium sulphate (supplemented in the methionine incorporation experiments with 100 ,ug. of unlabelled DL-methionine/ml.) up to an opacity of about 0 7 mg. dry bacterial wt./ml. They were centrifuged down rapidly, washed in 10 ml. of medium of the same composition but containing 01 M-sodium citrate in order to desorb as much ,B-penicillinase as possible and resuspended in the same volume of pre-warmed AA/G medium, shaken at 350, and 35S-labelled sulphate or methionine added immediately. Samples (4.5 ml.) were then removed at once and at 2 min. intervals, and treated in the usual way.
(1) Experiments with [85] sulphate. The first series of experiments were with isotopic sulphate. A very considerable lag (about 6 min.) was found before significant quantities of medium sulphur began to be incorporated in exopenicillinase; and even after 10 min., newly formed exo-enzyme had only about 50 % of its sulphur derived from the medium. By following the rate of sulphur incorporation into cell protein as a whole (trichloroacetic acid-insoluble fraction) it was found that the lag was due largely to the time taken for medium sulphur, in the form of sulphate, to be incorporated into the general proteins of the cell. No conclusions could therefore be drawn.
(2) Experiments with [35S]methionine. Table 4 and Fig. 3 summarize the results of one experiment in which the rate of incorporation of medium sulphur, in the form of methionine, into (a) cell proteins and (b) exopenicillinase was expressed by plotting increase in incorporation against increase in total exopenicillinase produced above the zerotime value. A time plot obscures the results because, after centrifuging and treatment with citrate, there is a slight non-specific lag in rate of growth and total penicillinase formation. The same two curves are obtained if the plot is made against increase in total (cell-bound+ extracellular) penicillinase.
It is apparent from Fig. 3 that the slope of the curve indicating incorporation of sulphur from the medium into exopenicillinase reaches an angle of 450 (i.e. new enzyme is 'fully labelled') after production of only about 55 units of exo-enzyme and that the lag (measured by extrapolation of the linear portion of the curve to the base line) corresponds to the time required for the production of about 30 units of enzyme (=-14 Hmg. of enzyme/mg. dry bacterial wt.). Under the conditions of the experiment this is under 3 min., but with a logarithmically growing culture (not showing any non-specific lag) this would be only lj-2 min. The lag, though short, is thus obviously specific and quite significant.
No such lag, however, is shown in the incorporation of medium sulphur into cell proteins in general. Increase in radioactivity of trichloroacetic acidprecipitable material is strictly proportional to increase in total penicillinase right from zero time. This suggests that, for a period corresponding to 43-2 VoI. 70 Table 4 . Rate of incorporation of methionine sulphur into (a) cell proteins, (b) exopenicillinase of B. cereus 569/H growing in an amino acid medium Cultures were first grown in AA/G + unlabelled methionine up to an opacity corresponding to 07 mg. dry bacterial wt./ml. They were then centrifuged and the cells rapidly washed in medium of the same composition and finally resuspended in AA/G. Immediately after this, labelled methionine was added. The radioactivity of all samples is expressed as the equivalent amount of 'fully labelled' penicillinase/ml. of culture supernatant. Table 4 and text.
1-2 min. in a culture growing at maximal speed, methionine sulphur, destined for exopenicillinase, is in the form of some protein or protein-like material other than exopenicillinase itself. However, the quantity of surface-cell-bound enzyme (P-penicillinase) present at time of addition of the isotopic sulphur corresponds fairly exactly to the specific incorporation-lag expressed in enzyme units. Since it is probable that the fl-enzyme, immediately after being formed, is rapidly liberated into the medium the incorporation lag illustrated in Fig. 3 needed for conversion of preformed ,-penicillinase into extracellular enzyme. That this is, indeed, the most probable explanation is supported by the experiment illustrated in Fig. 4 , with a preinduced culture of strain 569. The technique used was exactly that employed in the previous experiment with strain 569/H, except that the culture, being that of the inducible strain 569, was induced with 10 units ofpenicillin/ml. 40 min. 'Fully labelled' enzyme. The specific radioactivity of 'fully labelled' [14C]penicillinase of strain 569/H was measured separately for each precursor experiment, with the same batch of medium as in the experiment itself, as described in 'General methods'. The figures obtained could then be used directly, without correction, for conversion of radioactivity of penicillinase isolates into 'units of labelled enzyme'.
Contamination controls. (a) For 'fully labelled' enzyme, the contribution of non-penicillinase impurities containing carbon to the radioactivity of samples of penicillinase formed in the presence oflabelled amino acids was measured by the use of uninduced cultures of strain 569 growing in the same medium and under the same conditions as those employed for determination of specific activity of the 'fully labelled' enzyme (i.e. exactly as in the 85S experiments). This contamination amounted to about 7% for the induced enzyme and less than 1-5% for the constitutive.
(b) For the precursor experiments themselves the range of probable contamination is shown in Table 5 (giving the results of one experiment) by figures obtained using the same technique, but with an uninduced culture of strain 569. It amounted to less than 4 % of the figure recorded for labelled enzyme formed in 10 min. It did not vary significantly over the period of the experiment and can, not unreasonably, be ignored.
Biological equivalence of added, labelled amino acid mixture (algal-protein hydrolysate) to the amino acids of the basal AA/G medium. The equivalence of these amino acid mixtures as a source of carbon for protein synthesis was measured as for the added [35S]sulphate (see above). The equivalence was checked for general cell-protein synthesis, though not for penicillinase itself, by plotting the reciprocal of the incorporation of radioactivity into cell protein (countsfmin./mg. increase in dry weight) against the specific activity of the total amino acids in the medium. This was done by incubating the cells for 25 min. in a given quantity of 14C-labelled protein hydrolysate added to AA/G medium (1) undiluted, (2) diluted 1: 5 and (3) diluted 1: 10.
The three points were found to lie on a straight line as in Fig. 2 . It seems reasonable to conclude that if the varying relative specific radioactivities of the different amino acids in the three differently diluted media (due to the fact that the amino acid composition of the algal-protein hydrolysate was not identical to that of the AA/G medium) did not affect the relative rates of incorporation of 14C into cell protein, its incorporation into penicillinase would be likewise unaffected.
Experiments with 14C Table 5 and Fig. 5 , which should be compared directly with Table 4 and Fig. 3 Fig. 4 permits the calculation that, with pre-induced strain 569 cells, forming the enzyme at maximal rate, and assuming the mean weight of a single cell to be 1-3 x 10-12 g., there can be no more precursor material present than that which is equivalent to 400 mol. of penicillinase/ cell. The true figure is probably much lower. Apart from free amino acids themselves, significant quantities of exopenicillinase precursors have been detected in the cells only in the penicillinase-constitutive mutant strain 569/H. The quantities found are very small and correspond approximately to the amount of surface-bound enzyme of the immunological type which has been referred to as 'f,-penicillinase'. It seems likely, therefore, that the exopenicillinase 'precursor' detected in experiments with 569/H is nothing other than cellsurface-bound P-penicillinase.
Two useful conclusions can be made from these findings:
(1) The maximum possible amount of type 2 precursor compatible with the negative results of the experiment summarized in Table 3 [series II (iii)] is still only about 2 % of that to be expected were the specific lag in penicillinase induction (see Pollock, 1952) due to the existence of a specific penicillinase precursor. Some idea of the quantitative nature of this lag can be appreciated by comparing the amount of enzyme formed in a given time by strain 569 incubated under identical conditions (a) immediately after induction and (b) after pre-induction for 60 min. [types 1 and 2 experiments respectively in Table 3 (ii) and (iii)]. It would now seem more likely that this lag represents the time needed for the production or activation of the specific enzyme-forming system (the ' organizer' postulated in Fig. 1 Table 3 , series I) it appears that up to 10 % of the sulphur of the exopenicillinase formed after transfer from labelled to unlabelled medium is labelled, and must thus have been derived from material present in the cells before transfer. The figure is approxi. mately the same for the whole series I experiments and for samples taken at different times. Taken together with the results of the 'A' (series II) experiments, this indicates a continuous incorporation into penicillinase of sulphur derived from methionine or cystine (or both) present (in some form) in the cells before transfer. It is, however, unlikely that these sulphur-containing amino acids are in a free state within the cells. The total free amino acid content of B. cereu8 is not more than 2 % of the total dry weight (J. Mandelstam, personal communication) and the content of free methionine (since its rate of synthesis is known to be limiting to growth) is probably proportionately lower. Thus, in growing cells, the free methionine and cystine present at any given moment would presumably be replaced by synthesis of new methionine and cystine from sulphate within a few minutes. This would mean that incorporation of sulphur from this source would be negligible after the first sample had been taken (20 min.), whereas incorporation in fact continues undiminished up to the end of the experiment (80 min.). The most probable explanation is that the methionine and cystine are being continuously released from some firmly bound complex or compound during the course of incubation. That free methionine is continuously released from a bound form, at a rate corresponding to a turnover of cell protein of approximately 1-5% per hr., by these cells incubated under comparable conditions has now been directly demonstrated (Urba, 1959) by isolation of labelled methionine from cultures growing in a medium containing unlabelled methionine and cystine after previous growth in [35S]sulphate. That a small continuous supply of endogenous amino acids is available, independent of synthesis from medium constituents, is also indicated by the finding that such cells, grown under identical conditions and subsequently washed and incubated in the same medium but without amino acids (i.e. no nitrogen source) can still produce penicillinase, but at a rate about 5 % of that shown by cells incubated in the complete medium (M. R. Pollock, unpublished work). It seems most likely that this is due to protein breakdown within the cells.
Similar protein turnover, but to the more marked degree of 4-5 %/hr., has been demonstrated in washed suspensions of E. coli incubated without source of nitrogen by Mandelstam (1957) , who has discussed in detail why this was not detected in the precursor experiments undertaken by Hogness et al. (1955) . 2. A search has been made for possible intermediates in the biosynthesis of exopenicillinase from amino acids by (a) measuring the degree of labelling of the exopenicillinase formed after transfer of cells, previously grown in [35S]sulphate, to fresh medium containing only unlabelled sources of sulphur; (b) determining the specific lag in incorporation of 14C_ or 35S-labelled amino acids from the medium into exopenicillinase formed after previous growth in unlabelled medium.
3. The results of both types of experiment agree in showing no detectable quantities of any intermediate between 'free' amino acids and exopenicillinase in the inducible strain 569; and the small quantities found in the constitutive strain 569/H probably correspond to subsequent release of the traces of penicillinase, bound to the cell surface and retained by the cells at time of transfer, into the medium as the exo-enzyme. The sensitivity of the technique permits the conclusion, based on the negative results obtained with the inducible strain 569, that with fully induced cells forming the enzyme at maximal rate, the quantity of penicillinase precursor material present could not exceed an amount corresponding to 400 molecules of penicillinase/cell. Reasons are given for believing that the true quantity may be very considerably less.
4. These results also show (a) that the specific lag of about 15 min. in induced penicillinase synthesis after addition of penicillin to a logarithmically growing culture of strain 569 cannot be due, in any significant degree, to the production of a specific enzyme precursor, and (b) that the intracellular 'y-penicillinase' is unlikely normally to function as precursor of the exo-enzyme.
5. Comparison of the results obtained after transfer of 35S-labelled cells to unlabelled medium with and without addition of excess of methionine and cystine have shown that about 10% of the sulphur of penicillinase formed by cells growing in a complete amino acid medium is derived from endogenously produced methionine or cystine, or both, probably liberated from breakdown of protein within the cells.
